T he circulatory system is essential to maintain organ function by providing oxygen and nutrients. The turnover of the adult vasculature in most organs is considered to be low, but new blood vessels are formed after ischemia to provide oxygen to the ischemic tissues. 1 Excessive pathological vessel growth can promote tumor progression and is involved in diabetic retinopathy. 2 The process of vessel formation has best been studied in zebrafish and postnatal retinas, and it was shown that vascularization is driven by so-called tip cells, which lead the angiogenic sprouts and are followed by proliferating stalk cells. 3 Using zebrafish vascular development 3D sprouting assays and chimeric mouse retinas as models, endothelial cells (ECs) were shown to randomly integrate, suggesting that the process of vessel formation is because of a dynamic interplay between individual ECs.
to progenitor cells and that this population of cells may have the capacity to form new blood vessels. 9, 10 In light of recent evidence showing a high plasticity of ECs, 6 either a model of random integration or cell mixing inducing transient changes of endothelial phenotypes or an expansion of individual ECs could be envisioned as processes underlying new blood vessel formation after ischemia. Here, we explored the contribution of clonal expansion of mature ECs in various models of vessel growth.
Methods
Authors will make their data, analytic methods, and study materials available to other researchers. The material will be available in Frankfurt, Germany, at the Institute for Cardiovascular Regeneration, Goethe Universitätsklinikum Please see Online Data Supplement for expanded Methods.
Results

Contribution of Clonal Expansion of Cdh5-Expressing Endothelial Cells to Vessel Growth in the Retina
We used confetti mice that allowed us to label and distinguish individual cells with nuclear localized, membrane-targeted, or cytoplasmic fluorescent proteins 11, 12 as a tool to identify clonally expanding cells. Confetti fl/wt mice were bred with mice expressing Cre-ERT2 (tamoxifen-inducible Cre-recombinase) under the regulation of the Cdh5 (vascular endothelial cadherin) promoter (Confetti fl/wt Cdh5-CreERT2) 13 to induce endothelium-specific, tamoxifen-inducible conditional recombinase expression resulting in the exclusive labeling of ECs ( Figure 1A ). We first injected tamoxifen in newborn pups at postnatal day (P) 1 and determined the color distribution in the retina at P5 ( Figure 1B ). Because the CFP (cyan fluorescent protein) signal was barely detectable, we assessed GFP-(green fluorescent protein), YFP-(yellow fluorescent protein), and RFP-(red fluorescent protein) positive cell numbers only. The color distribution was measured in 0.49 mm 2 sectors in each of the 4 retina leafs as indicated in Figure 1C and was compared with the total color distribution of the retina. We only detected an enrichment of 1 color in 6 of 64 analyzed sectors (<10%; Figure 1D and 1E), indicating that the majority of the formed vessels are not derived from clonally expanding cells. This finding is consistent with previous studies in zebrafish suggesting that random integration or cell mixing mediates developmental angiogenesis. 4 To determine the contribution of clonal expansion to pathological vessel growth, we analyzed color distribution in the retinopathy of prematurity model 14, 15 in which mice were injected with tamoxifen at P4, P5, and P6. From P7, the mice were exposed to 75% oxygen for 5 days and then returned to room air for 5 days ( Figure 1B) . The color distribution in the retina was assessed at P17 ( Figure 1F ). Eleven of the 16 analyzed sections (69%) showed significant enrichment of 1 color ( Figure 1F and 1G) . The incidence of clonal expansion in the retinopathy of prematurity model was 7-fold higher as compared with the postnatal retina ( Figure 1H ).
Contribution of Clonal Expansion to Vessel Growth After Ischemia
Next, we asked whether a similar clonal expansion can be detected in ischemia-induced neovascularization. Therefore, What New Information Does This Article Contribute?
• Mature endothelial cells have the capacity to clonally expand and contribute to ischemia-induced newly formed vessels.
• Partial endothelial-to-mesenchymal transition contributes to clonal expansion of mature endothelial cells.
Here, we examined whether clonal expansion of mature endothelial cells contributes to vessel growth by using Confetti mice for genetic tracing. Analyses of clonal expansion in postnatal retina angiogenesis suggest that the majority of the new formed vessels are not derived from clonally expanding cells but rather by random integration or cell mixing. Under pathophysiological angiogenesis (retinopathy of prematurity) and ischemia-induced angiogenesis in limbs and hearts, clonally expanded VE-cadherin + cell-derived endothelial cells were significantly more abundant. Inhibition of VEGFR2 (vascular endothelial growth factor receptor 2) reduced clonal expansion after ischemia. Our gene expression analysis of clonally expanded endothelial cells obtained by laser capture microscopy showed an enrichment of genes involved in endothelialto-mesenchymal transition. Hypoxia induced clonal expansion and endothelial-to-mesenchymal transition in endothelial cells in vitro, suggesting that hypoxia-enhanced endothelial-to-mesenchymal transition might contribute to vessel growth under ischemia. we induced acute myocardial infarction in Confetti fl/wt Cdh5-CreERT2 mice after 5 days of tamoxifen treatment (Figure 2A) . Sections of the border and infarct zones were analyzed at days 7 and 14 after acute myocardial infarction, and color distribution was compared with the nonischemic remote zone. At day 7, 9 of the 32 analyzed sections (28%) showed significant enrichment with a maximal clone size of 30 cells ( Figure 2D , dashed line) as assessed in 9 sections (n=6 mice).
To determine whether a similar ischemia-induced increase in clonal expansion can be observed in other vascular beds, we assessed clonal outgrowth after hindlimb ischemia. Tamoxifen was injected for 5 days before inducing hindlimb ischemia to label ECs. Fourteen days after hindlimb ischemia (Figure 3A) , the color distribution was analyzed in sections from ischemic and nonischemic calf muscle. A significant enrichment of 1 color was detected in 9 of 26 analyzed sections ( Figure 3C and 3E) suggesting that clonal expansion significantly contributes to new blood vessel formation in 35% of the analyzed randomly chosen sections of the ischemic muscle. The size of the clones was 11±4.1 cells per clone in 9 analyzed sections of n=4 mice. We questioned whether the vessels formed by clonally expanded ECs are perfused. Perfusion was assessed by detecting Alexa 647-labeled lectin ( Figure 3D ), which was injected before mice were euthanized and showed that clonally expanded vessels are indeed perfused.
Together, our data indicate that VE-cadherin + cells clonally expand in the retina, the heart, and skeletal muscle after ischemia or hypoxia, whereas physiological vessel outgrowth in the retina is mediated by random integration.
Because these data suggest that ischemia or hypoxia may be drivers of clonal expansion, we evaluated whether hypoxia can induce clonal expansion in vitro. To this end, we isolated ECs from Confetti fl/wt Cdh5-CreERT2 mice after induction of Cre-mediated recombination with tamoxifen in vivo and cultured the cells in 96-well plates at a density of 150 cells per well. Clonal expansion was measured in cells under normoxic conditions and compared with cells exposed to hypoxia for 7 days. Interestingly, hypoxia induced a significant increase in colony numbers and size ( Figure 3F and 3G) . Because hypoxia induces VEGF, which is well known to stimulate EC proliferation via VEGFR2 (VEGF receptor 2), 16, 17 we determined whether VEGFR2 might be required for hypoxia-induced clonal expansion. Injection of neutralizing antibodies against VEGFR2 ( Figure 3B ) significantly reduced hindlimb ischemia-induced clonal expansion of EC in comparison with IgG control in vivo ( Figure 3H and 3I) . These data demonstrate that clonal expansion of ECs in vivo is dependent on VEGFR2 signaling, although it must be noted that this is not likely specific for clonal expansion of ECs because VEGFR2 blockade inhibits endothelial proliferation in general.
Hypoxia Drives Both Clonal Expansion and Endothelial-to-Mesenchymal Transition
To gain further insights into the phenotype of clonally expanding ECs in vivo, we isolated clonally expanded ECs using laser capture microdissection in sections obtained from mice after acute myocardial infarction and compared the transcriptome with nonclonally expanded cells of the same regions and ECs that were isolated from the remote zone of the myocardium. RNA sequencing revealed no significant and consistent differences in arterial or venous endothelial markers (Online Figure  I , data not shown). However, various genes involved in endothelial-to-mesenchymal transition (EndMT) were highly expressed by clonally expanding ECs ( Figure 4A ). Similar findings were observed in the retinopathy of prematurity model, where clonally expanded ECs express mesenchymal markers; for example, SM22 (smooth muscle protein 22; Figure 4B ). Moreover, the major driver of clonal expansion, hypoxia, augmented the expression of mesenchymal markers and induced morphological changes in ECs in vitro ( Figure 4C and 4D) . This was further aggravated by stimulating EndMT with TGFβ (transforming growth factor β; Figure 4C ). Because hypoxia exposed ECs in vitro (in the absence of exogenous TGFβ) and clonally expanded ECs in vivo did not lose expression of endothelial markers (Online Figure I , data not shown), these data suggest that clonally expanding ECs under hypoxia undergo partial EndMT.
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Discussion
Together, our study demonstrates that clonal expansion of VE-cadherin + cells contributes to the generation of perfused and mature microvessels after ischemia or relative hypoxia, whereas physiological vascular growth in the postnatal retina is predominantly driven by random integration or cell mixing of ECs. Because VE-cadherin is considered as a marker for mature ECs and the Cdh5-CreERT2 construct has been well characterized and shown to be relatively nonleaky, [19] [20] [21] these data suggest that preexisting ECs form the new capillary network. However, it may be possible that the capacity for clonal expansion is specific to a subset of mature ECs with progenitor cell characteristics. 22 We also cannot exclude the presence of a potential progenitor cell population that expresses VEcadherin. Clonal expansion of ECs is dependent on VEGFR2 signaling, which is induced by hypoxia. These findings are consistent with the well-established proliferative effect of VEGF on ECs 5,23 but do not exclude that nonclonal angiogenesis is also dependent on VEGFR2 signaling.
The finding that clonally expanded ECs express mesenchymal markers suggests that a partial induction of EndMT contributes to clonal expansion and new blood vessel growth. Previous studies demonstrated that EndMT induction in tip cells is involved in the formation of new sprouts. 3 Moreover, the process of epithelial-mesenchymal transition, which shares major signaling pathways with EndMT, is well known to promote metastasis, participates in tumor growth, and is associated with stem cell properties. 6, 24 As such, it can be envisioned that EndMT promotes the detachment of ECs from their existing vascular bed by promoting matrix degradation and subsequently induces proliferation of ECs. However, EndMT has to date not been shown to promote the formation of functionally active blood vessels. In contrast, EndMT was associated with EC dysfunction and is implicated in pathological processes, including the induction of organ fibrosis 25 and atherosclerosis. 26, 27 The full transition of ECs to mesenchymal or smooth muscle cells may promote vessel stability or maturation but would not allow the formation of perfused capillaries, as we demonstrate in the present study. Therefore, we speculate that a partial or reversible induction of EndMT may account for the formation of new capillaries after ischemia. These findings suggest that 
